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Abstract 
Botswana is an arid country endemic to drought. The major water supply in the capital 
Gaborone, the Gaborone Reservoir, has received a failed status early this year due to 
diminishing water levels which have fallen below six percent of the total potential volume in 
2014. However, there seems to be no official consensus as to what has caused this extreme 
decrease in volume. Water scarcity can have great impacts in regards to the economy, 
development and national security of a country and it is important to grasp the cause of the 
problem in order to solve it in the most efficient way. By analysing data time series for 
temperature, rainfall and consumption as well as performing a spatial analysis over the 
catchment area it was possible to identify the changes that have occurred in the catchment 
area, the climate and the domestic consumption over the last decade. Poor data resolution and 
a lack of statistical significance mean that no concrete conclusions can be drawn. In order to 
sustain a sustainable water future, it is important that water conservation is promoted and that 
the second phase of the North South Water Carrier Project (with the purpose of pumping 
water from reservoirs in eastern Botswana and South Africa to Gaborone) keeps to the 
original timeline and fixes the faults within the pipeline. 
Keywords: Gaborone Reservoir, drought, catchment area, climate change, consumption 
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Sammanfattning 
Torka är mycket vanligt i Botswana. I huvudstaden Gaborone har Gaboronedammen klassats 
som ett misslyckande eftersom vattennivån har sjunkit till under sex procent av den 
potentiella volymen under 2014. Det finns inte någon officiell enighet om vad som har 
orsakat denna extrema volymminskning. Vattenbrist kan ha negativa konsekvenser för ett 
lands ekonomi, utveckling och till och med för den nationella säkerheten eftersom 
grannländer ofta tycker olika när det gäller vem som ska få utnyttja delade vattendrag. Det är 
viktigt att förstå orsaken till volymminskningen för att lösa problemet på bästa och 
effektivaste sätt. Under studien har både en rumslig analys och en analys av tidsserier för data 
gälande nederbörd, temperatur och konsumtion genomförts. Detta har gjort det möjligt att se 
vilka förändringar som har skett sedan Gaboronedammen konstruerades 1965. På grund av 
brister i dataupplösning och trender utan statistisk signifikans så går det inte att dra några 
slutsatser. För att uppnå en hållbar vattentillgänglighet i Gaborone i framtiden så är det 
väsentligt att vattenvård främjas och att vattenförsörjning till Gaborone från 
Gaboronedammen kompletteras med pålitlig vattentillförsel från andra dammar i Botswana, 
dvs. NSCWP rörledningarna lagas och underhålls. 
Nyckelord: Gaboronedammen, torka, dräneringsområde, klimatförändring, konsumtion 
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1. The Global Water Dilemma 
Water is a complicated resource to define. Is it finite, as there is a fixed volume of it on the 
planet? Is it renewable, as it is constantly changing state within the hydrological cycle? One 
thing we can say with confidence is that water is essential for all living organisms, a basic 
necessity for human life, and we must be weary of how we regard this precious resource 
(Vitousek et al. 1997). Freshwater constitutes only three percent of the earth‟s total water 
supply, 0.3% of which is found as surface water (NOAA (a) 2014). Regardless of this very 
limited supply, there are still frequent cases of water pollution where water is contaminated 
by industrial waste, untreated human waste and pesticides amongst others, worsening the 
water quality (Palaniappan et al. 2010). Despite attempts to assert greater human control over 
natural water sources by manipulating rivers and constructing dams and reservoirs, water 
scarcity is still discernable in many parts of the world (Rijsberman 2006;  NOAA (b) 2015). 
As the global population is growing exponentially from the current seven billion to an 
estimated 9.3 billion by 2050, it is probable that this problem will only worsen (Lee 2011). 
The decline in water quality and quantity, also referred to as the global water crises, was in 
2014 ranked as one of the top five “Global Risks of Highest Concern” by the World 
Economic Forum amongst other concerns such as income disparity and the failure to mitigate 
or adapt to climate change (World Economic Forum 2014). Water availability is directly 
related to food production and water scarcity would consequently result in food shortages 
(Eckardt et al. 2009). As the inability to access freshwater has a direct impact on the survival 
of communities, water scarcity threatens not only to impede the further development of 
nations, but also increases the risk of water conflicts on a local and an international scale 
(Vitousek et al. 1997;  Madulu 2003). In fact, there are already several reported cases of 
water conflicts as of the 21
st
 century. An actual African example would be that of the Grand 
Ethiopian Renaissance Dam, a costly project that intends to expand the generation of 
hydroelectricity in Ethiopia. Not only would the dam benefit the population of Ethiopians 
with no access to electricity (approximately 83% of the population), but exported surplus 
would be economically beneficial too (Hammond 2013). However, the dam proposal has 
been strongly opposed by Ethiopia‟s downstream neighbours Egypt and Sudan, as it would 
limit their available water resources. There have even been suggested threats of military 
interference if the project were to continue (Abebe 2014). 
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Figure 1 Botswana is a landlocked state in Southern 
Africa. Source: ArcGIS online 
2. Water Scarcity in the Gaborone Reservoir, Botswana 
Botswana, a sub-Saharan, semi-arid nation is 
no stranger to the discourse surrounding a 
sustainable water future (Figure 1). Water 
distribution within the country is uneven due 
to approximately 70% of the nation being 
covered by the Kalahari Desert, and drought 
is considered endemic to the country (Swatuk 
and Rahm 2004;  Juana 2014). The Batswana 
(plural form referring to Botswana natives), 
regard rainfall highly within their culture and 
customs.  The word „Pula‟, translated to 
English as „rainfall‟ or „let there be rain‟, is 
the national cry of Botswana, as well as being 
the name given to their currency and the 
equivalent of saying cheers when making a 
toast (Denbow and Thebe 2006). Pula brings 
prosperity to the nation and the superstitious 
believes of many Batswana become more 
prominent during drought years (Gewald 
2001). 
  
The country‟s capital city, Gaborone, is located in south-eastern Botswana (Figure 2). A 
nation with a high dependency on surface water, Gaborone is no different with, until recently, 
all of the city‟s water being abstracted from the Gaborone Reservoir (Meigh 1995). Since the 
new millennium, there has been a decline in the total volume of the Gaborone Reservoir, the 
leading supplier of water for the capital city Gaborone and the greater area. The reservoir is 
able to hold 141.1 million cubic metres when at full capacity, but in December 2014 the 
reservoir was reduced to roughly 8.5 million cubic meters (6% of the total capacity) and it 
was no longer possible to pump water out of it (Du Plessis and Rowntree 2003). When water 
levels had fallen below 6% of the total capacity, the WUC declared the reservoir as failed as 
it was unable to fulfil its purpose of providing water to Gaborone city. Though local 
newspapers theorize that lack of rainfall is the leading cause of this problem, it is still 
uncertain as to what is causing this drop in water levels and rumours have spread throughout 
the city associating the decreasing water levels with black magic and witchcraft (Gewald 
2001). 
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Figure 2 Major towns and cities in Botswana 
In his „State of the Nation address‟ in 2013, Botswana‟s president emphasised the importance 
of shared watercourses stating that they would, in the future, become the country‟s primary 
source of reliable water (Khama 2013). Botswana shares watercourses with Angola, Lesotho, 
Malawi, Namibia, South Africa, Tanzania, Zambia and Zimbabwe, of which all the nations 
are members of the Southern African Development Community (SADC). At present the 
community has produced a protocol for shared watercourses with the intention of promoting 
sustainable and peaceful water management within the region (SADC 2012). It is vital for 
Botswana that these peaceful relations continue if they are to be heavily reliant on water from 
these sources.  
Since independence in 1966, the government of Botswana has been involved in many highly 
subsidised programmes aiding in low-cost water provision which in some cases are even free 
of charge. This initiative amongst others is the reason behind the great reduction of poverty 
throughout the country and subsequently high rates of development (Sebudubudu 2010). If 
the water crisis continues, a reduction in subsidies may be inevitable as capital must be 
injected into other sectors such as the improvement of water infrastructure. This could have a 
huge impact on Botswana‟s development including the standard of living of many of its 
inhabitants.  
There currently seems to be no consensus to what has caused the fluctuations in the reservoir 
volume. This information is critical as water scarcity will not only threaten to stunt 
development but may also be a matter of national security. In order to combat water scarcity 
efficiently it is important to know the possible causes especially since the IPCC suggest that 
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arid regions are predicted to become even drier (Kirtman et al. 2013). It is for these reasons 
that the intention of this study is to investigate what factors are causing the discernable 
decrease in volume of the Gaborone Reservoir. 
3. Aim and Objectives 
The aim of this study is to investigate the factors that have led to the decline of the volume of 
the Gaborone Reservoir over the last ten years with the intention of ranking each factor by 
importance. Measures currently taken by the Botswana government will be discussed, as well 
as additional suggestions as to what may prevent further water scarcity in the city of 
Gaborone. The study aims to answer the questions: 
 How have changes catchment size, climate and consumption over the last decade 
impacted the amount of water stored in the Gaborone Reservoir? 
 What methods have been put in place to decrease the stress placed on the Gaborone 
Reservoir, and what are the future prospects for a city with no water? 
  
4. The Study Area 
Botswana, bisected by the Tropic of Capricorn and landlocked by four countries: South 
Africa, Namibia, Zambia and Zimbabwe (see Figure 1and 2), can be classified for the most 
part as having a hot, arid steppe climate (BSh) whilst the south-western corner matches the 
requirements of a hot, arid desert (BWh) according to the Köppen-Geiger classification   
system (Peel et al. 2007). The climate can be characterized into two specific seasons, the dry 
season and the rainy season. The dry season extends from April to October with cooler air 
temperatures and little to no rainfall. The rainy season occupies the remaining months, 
majority of rainfall occurring in December, January and February. However, rainfall is 
sporadic and extent varies depending on the location in the country with up to 650 mm per 
annum in the north-east and as low as 250 mm per annum in the south-west. The average 
annual rainfall in Gaborone and the catchment area is approximately 500 mm (Department of 
Meteorological Services n.d).  
Botswana‟s topography is fairly uniform, with few hills and only a slight undulation in the 
terrain. There are few areas of greater water accumulation such as lakes, existing ones having 
a large surface area but shallow depth resulting in high rates of evaporation (Moalafhi et al. 
2012). There are only two perennial rivers in northern Botswana, each of which has its source 
in a different country. However, both rivers, the Okavango and the Chobe, are located in 
areas with low population density and high biodiversity with national parks being located in 
both areas and the Ramsar Convention, for conservation of wetlands, acting on the Okavango 
River. This means that there is limited extraction of water from both permanent resources 
(Scudder 2008). The majority of Botswana‟s two million inhabitants can be found on the 
countries eastern border, where soils are more suitable for agriculture and the drainage basin 
for the ephemeral Limpopo River can be found (Juana 2014). 
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Gaborone, initially the village of Gaberones, was chosen to replace Botswana‟s previous 
capital Mafikeng, located across the border in South Africa, when the country gained 
independence from Great Britain in 1966. Besides wanting the capital city in the actual 
country, a variety of other factors influenced the location of Gaborone. Firstly, the village had 
no tribal affiliation meaning that there would be no tensions between neighbouring tribes and 
no risk of the new capital city encroaching on tribal land as it continued to develop (Nashua 
Telegraph 1966). Secondly, the proximity to the Notwane River with a basin suitable for dam 
construction served as a suitable means for providing the local residents with water 
(Geotechnical Instrumentation in Civil Engineering 1990). 
At the time of the dam‟s construction, it was estimated that the Gaborone Reservoir would be 
able to serve as a reliable freshwater source for the population of Gaborone which was 
estimated to increase from roughly 6‟000 residents in 1966 to approximately 20‟000 residents 
by 1983. However, this was an extreme underestimation as the population of Gaborone 
exceeded 50‟000 by this time (Mosha 1996). In conjunction with this and in order to increase 
the capacity of the reservoir, the dam wall underwent further construction between 1984 and 
1986, raising it an additional eight meters to a height of 25 meters (Andringa 1990). This 
increased the potential capacity from 38 million m
3
 to 141.1 million m
3
 (Water Utilities 
Corporation n.d). However, there have been few occasions where the water levels correspond 
with this maximum capacity and a prevalence of droughts since the wall was raised. 
At the time of writing, Gaborone is currently experiencing an extended drought period which 
has been on-going since early 2011 (Figure 3). Water levels have fallen to the point where 
the „skeletons‟ of Leadwood trees and cattle kraals‟ that were found in the basin prior to the 
construction of the dam are starting to appear from the shallow water (Figure 4). 
 
Figure 3 Fluctuations in the volume of the Gaborone reservoir between 2005-2015. Measurements are all taken 
during the dry season between May and July (WUC, 2015). 
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Figure 4 Photograph showing 'tree skeletons' taken in February 2015 from an island that emerged as the water 
levels continue to drop. Source: B. Farrington, 2015 
5. Materials and Methods 
Prior to trend determination, calculations and data visualisation, it was necessary to determine 
exactly what data would be required in order to best define what is impacting the decrease in 
reservoir volume. The volume of a water body (the change in reservoir storage ∆S) is 
dependent on three major factors: precipitation (P), runoff (R) and evapotranspiration (E), all 
of which make up the simplified water-balance (1) (Jensen 2010). 
         
(1)  
This report will focus on runoff in the catchment area and the climatic factors precipitation 
and evaporation, the latter of which requires temperatures data. Domestic consumption will 
also be researched as this the volume of water stored in the reservoir is also controlled by 
how much is abstracted for consumption purposes. 
The aim of this study requires many different variables, including population statistics and 
meteorological data, each obtained from different fields of study. Much of the interpreted 
data come from monthly or annual measurements taken from a time series in order to see if 
there are any discernable trends.  
5.1 Catchment Area 
Firstly, it is important that the spatial extent and location of the catchment area is known. In 
order to solve this, a mosaic was created of four digital elevation model (DEM) tiles 
downloaded from the United States Geological Survey (USGS) satellite image database Earth 
Explorer. The DEM was produced in 2011 by the USGS and projected in WGS84 with a 
resolution of 30*30 metres. Thereupon, the ArcMap programme was used to fill sinks, 
calculate both flow direction and flow accumulation and eventually the watershed of the area 
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(ESRI 2011). Both flow direction and flow accumulation are based on the elevation data in 
the DEM and are determined by algorithms. Water in a cell will flow towards the 
neighbouring cell of lowest elevation, thus making it possible to discern possible streams in 
areas with concentrated flow. 
Finally, using a pour point on the Gaborone Dam wall, it was possible to calculate the 
watershed of the whole study area. An additional spatial analysis was performed whereby 
satellite images from Google Earth were carefully analysed visually with the purpose of 
detecting any additional dams within the Gaborone catchment area. Dams were found by 
searching for water bodies and reservoirs within the catchment and noting the coordinates at 
the location of each dam. The catchment areas for all the additional dams were visualised by 
using the same methods that resulted in the Gaborone catchment area. Calculating the extent 
of additional dams enables the visualisation of how much the Gaborone catchment area is 
reduced in size. 
5.2 Climate 
The following sections describe the data and methods used for interpreting the climate 
variables rainfall, temperature and evaporation. 
5.2.1 Rainfall 
All actual rainfall data have been acquired from the Botswana Department of Meteorological 
Services (DMS). The measurements were taken at the Sir Seretse Khama International 
Airport. As is the case with many countries, there is little to no access to reliable physical 
data measurements until very recent years or the coverage is limited and, as a result, the 
meteorology office must rely on a variety of methods to gain further insight of changes in the 
country‟s climate over the past century. The DMS provided a time series ranging from 1925 
to 2010 of ground measurements. These were plotted and a regression analysis was 
performed. It is suggested that since the variable time is causally related to precipitation, it 
cannot fully explain any apparent trends (Andersson et al. 1983). Projections can only be 
made if one is relatively certain that the trend will continue. As rainfall is patchy and there 
are few rainfall gauges in the catchment area, the DMS also suggested using the monitoring 
product for Tropical Applications of Meteorology using Satellite data and ground 
observations (TAMSAT) for better coverage. TAMSAT was developed with the purpose of 
providing rainfall estimations over the African continent where ground measurements were 
few and far between. The data series runs from January 1983 until present, with ten-daily 
cumulative rainfall estimates for the 1
st
, 11
th
 and 21
st
 of each month (Tarnavsky et al. 2014). 
The result is a raster layer over the country in question. In order to determine the rainfall for 
Gaborone, a point shapefile named „GABS.shp‟ was created locating the city, and the value 
for this point on the raster layer was extracted using the „Extract Multi Values to Points‟ 
function within ArcMap. This was done for each TAMSAT raster layer, starting with the first 
on the 11
th
 January 1983 (19830111_RFE_res.tiff in Figure 5). As there were over 1000 
raster layers to be analysed, a model was created using the model builder function (Figure 5). 
An iterator was used in order to allow the model to loop and extract data from every 
TAMSAT raster. This proved to be a time efficient method of extracting cell values for 
precipitation over the catchment area. The result of the model was called GABS.shp (3), as 
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can be seen in Figure 5, and contained a table with three decades worth of ten-daily 
precipitation data.  
 
Figure 5 Model used to extract TAMSAT rainfall data (ESRI 2011) 
5.2.2 Temperature 
As for data series regarding temperature trends over recent decades, the only reliable data that 
DMS were able to provide were the mean monthly maximum and minimum temperatures for 
the last three decades. These data played a major role in the calculation of evapotranspiration. 
Since only minimum and maximum temperature values were available from the DMS, data 
concerning temperature trends over a longer period had to be found elsewhere. Mean monthly 
temperature data was taken from the database DataGURU, developed at the Department of 
Physical Geography and Ecosystem Science at Lund University (Lund University n.d). The 
database provides interpolated climate data on a global scale between the years 1901 and 
2011, though considering that the data is interpolated from ground data measurements, and 
the lack of available temperature from DMS, one must be weary of the accuracy of this data 
too. However, some data is better than none, and this available data was considered suitable. 
In the database, the spatial extent of the catchment area was manually set and a monthly 
mean temporal resolution was chosen from year 1901 until 2011. In order to analyse the data 
which was obtained in NetCDF format, it had to be run through a script in Matlab which 
allowed for the data to be opened in a database format such as Microsoft Excel (Microsoft 
2010;  MATLAB 2014). The changes in temperature were plotted graphically and a 
regression analysis was performed. 
5.2.3 Evaporation 
Two methods for determining potential evaporation were tested. Firstly a simplified version 
of the Hargreaves-Samani equation, specific for when there is minimal climate data available, 
was tested (2) (Samani 2000). KT stands for the empirical coefficient which varies depending 
on whether the area of interest is located inland or on the coast. Gaborone is located inland, 
so the suggested value of 0.162 was used. The extra-terrestrial radiation, Ra, was obtained 
from the FAO (Allen et al. 1998). TD stands for minimum daily temperature subtracted from 
the maximum daily temperature whereby average monthly minimum and maximum values 
were used. TC stands for the average daily temperature. 
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ET0 = 0.0135(KT)(Ra)(TD)
0.5
 (TC+17.8)  
(2) 
As the Hargreaves-Samani method uses minimal data another method used by the FAO that 
incorporates more climate variables such as humidity and wind speed was also tested. 
The second evapotranspiration calculations followed the guidelines for computing the 
Penman-Monteith equation suggested by the FAO (Allen et al. 1998). The calculation intends 
to equate daily potential evaporation yet some data was only available on a monthly time 
scale and some, such as reliable wind speed and humidity measurements, were missing 
altogether. This meant that the method for calculating monthly potential evapotranspiration 
and the method for calculating potential evapotranspiration when data is missing had to be 
used in combination with one another. A detailed guideline of the method used can be found 
in Appendix 1. In order to account for the foreseeable global temperature increases projected 
in the International Panel for Climate Change (IPCC) AR5 report, potential evaporation was 
also calculated for a possible one, two, three and four degree Celsius increase in average 
monthly temperature that could occur in the near future. 
5.3 Consumption 
Data regarding the changes in demography of the city were obtained through census reports 
and other official documents released by the Botswana Central Statistics Office (CSO) or 
Water Utilities Corporation (WUC), the parastatal organization concerned with water 
distribution and infrastructure in towns and cities in Botswana. Data regarding consumption 
was hard to come by, however the CSO had published total water consumption values for the 
years 1998 until 2008 (CSO (a) 2009). This data is a combination of domestic, government 
and commercial/industrial usage which comprise 34%, 47% and 19% of the Gaborone‟s total 
water consumption respectively. In order to determine the domestic consumption, 34% of the 
total consumption was calculated for each year that was represented. Additional data was 
obtained from reports by the World Bank that provided consumption figures for some years 
during the late seventies and early eighties (The World Bank 1983). 
As there was no continuous time series, and more figures regarding long-term consumption 
were still of great interest, it was necessary to find another solution. To determine how the 
demand for water has changed, it is important to know how much water is required per 
person on a daily basis. In the water scarcity index, it is  proposed that the minimum 
requirements of water necessary to satisfy the basic human needs in terms of sanitation and 
drinking water amongst other activities, is roughly 50 litres per person per day (Gleick 1996). 
With this value in mind, domestic consumption was estimated for those years with available 
population data for Gaborone (CSO (b) 2014). 
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6. Results 
Despite restrictions regarding data availability, the following results show that changes in the 
variables of the water balance have all had some form of impact in regards to the water crisis 
in Gaborone though it is not yet possible to say which factor has the greatest effect. 
6.1 Catchment Area 
The extent of the Gaborone Reservoir catchment area as well as the catchment areas of the 
two larger reservoirs found within the Gaborone Reservoir catchment can be seen in Figure 
6. Two thirds of the major catchment area exists in Botswana whilst the remaining catchment 
is found across the border in South Africa. The map also depicts the Notwane River and its 
tributaries, all of which are ephemeral streams that flow within the catchment area.  Gaborone 
is located to the north of the watershed area but, despite high rates of development and urban 
expansion, still remains outside the catchment. The investigation of the two additional 
reservoirs (Figure 6 and Table 1) shows that the smaller Mogobane Dam which is located 
between Gaborone and the town Lobatse occupies 9.36% of the total catchment area. The 
Ngotwane Dam, located in the South African part of the catchment is slightly larger and takes 
up 12.10% of the total catchment area. When these values are combined it results in the 
Gaborone Reservoir catchment being reduced by 21.46%).  
 
 
Figure 6 Map over the Gaborone catchment area including the Mogobane and Ngotwane catchment area. Projected 
Coordinate System: WGS_1984_UTM_Zone_35S 
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Table 1 Areas of the respective watersheds 
 Area (km
2
) Percentage of Total 
Catchment (%) 
Mogobane Catchment 418.28 9.36 
Ngotwane Catchment 540.52 12.10 
Gaborone Catchment 4468.19 100.00 
6.2 Climate  
Concerning inputs into the area‟s water balance, it is necessary to assess whether there have 
been any changes in precipitation. Figure 7 below shows the total annual rainfall since the 
first year the reservoir was filled in 1965/66, until the year 2010
1
. The trend line makes it 
seem as if precipitation has decreased in the past five decades. However, the R
2
 value is only 
0.1035 and a regression test with a confidence level of 95% confirms that the results of the 
regression are not statistically significant. A second annual rainfall figure (Figure 8) shows 
rainfall trends over the last decade where data was available. Though the R
2
 value is 0.3846, 
the value is not statistically significant when using a confidence level of 95%. The gradient of 
the fitted trend line suggest an increase in rainfall by 28 mm per year, though this value has 
no statistical significance either. 
The TAMSAT rainfall estimates (Figure 9) provide insight on how rainfall was distributed 
during the past three decades and shows that there is a very distinctive wet and dry season 
each year. The dry seasons all show that there is little to no rainfall during this period. The 
graph also facilitates in showing periods of flood and drought. All the years that have a peak 
rainfall below 40 mm correspond with the recorded drought periods reported by the Ministry 
of Environment, Wildlife and Tourism (MEWT) (Manthe-Tsuaneng 2014). The graph also 
depicts the on-going drought period that commenced in 2011. 
 
Figure 7 Graph showing the total annual rainfall for Gaborone since the dam was first filled. 
                                                 
1
 The dam wall was raised between 1984-1986 increasing the potential capacity from 38 million m
3
 to 141.1 
million m
3
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Figure 8 Annual rainfall for Gaborone over the last decade 
 
 
Figure 9 TAMSAT ten-daily rainfall estimates for Gaborone between 1983 and 2014 
The mean monthly temperature for Gaborone has remained fairly consistent over the past 100 
years, with temperatures ranging between 10 and 27 °C (Figure 10). Though the R
2
 value is 
very low, only 0.0071, a regression analysis with a confidence interval of 95% suggests that 
the „Significance f‟ is below 0.05 (with a value of 0.0021) and is in fact significant. When 
looking at the gradient of the trend line, it suggests that temperatures will increase by roughly 
0.001°C per year. However, if the time series is shortened and only the most recent decade is 
analysed (Figure 11), the results show that there is no statistically significant change in 
temperature. 
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Figure 12 shows the monthly potential evapotranspiration from calculations following the 
compendium in Appendix 1. The results from the Hargreaves equation were not included as 
they suggested annual evaporation to be over 4000 mm which is extremely high and was 
deemed unlikely. The levels of evapotranspiration are highest during the summer months 
which coincide with the rainy season, whilst lowest evapotranspiration levels are reached 
during the winter months and correspond with the dry season. Annual evaporation varies 
between an average of 3.00 mm/day in June and an average of 5.37 mm/day in December. 
The potential evaporation is plotted against the average rainfall to see the months where 
runoff is most probable. 
If temperatures are to increase as the IPCC predicts and as the temperature graph suggests, 
this will have a direct impact on evaporation (Table 2). Evaporation increases with an 
average of 0.68% per every degree Celsius increase in temperature. 
 
Figure 10 The trend line shows that temperature in Gaborone has increased by 1°C between 1901 and 
2011(Lund University n.d) 
 
Figure 11 Mean monthly temperature over the last decade 
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Figure 12 Potential evaporation for 10-daily measurements of rainfall 
 
Table 2 Percentage change in evaporation as temperature increases 
Mean temperature increase (°C) 1 2 3 4 
Average ETo change per degree increase (%) 0.57 1.21 1.93 2.71 
6.3 Consumption 
Since independence in 1966, Gaborone‟s population has steadily increased in a linear fashion 
to roughly 40 times what it was at the city‟s conception (Figure 13). This population growth 
rate is predicted to continue, with projections suggesting that the number of inhabitants in 
Gaborone will have surpassed 300‟000 by 2030 (Sebekedi n.d). As water is vital for survival, 
each new inhabitant will require some form of water supply in order to prosper. It is 
suggested that the minimum water requirement is 50 litres per person per day in the 
proportions suggested in Figure 14 (Gleick 1996). Figure 15 shows a combination of 
domestic consumption estimations, calculated by multiplying the total population with the 
minimum water requirement since 1966, and actual domestic water consumption. As the 
consumption estimations are based directly on population growth, these results, shown in 
Figure 15, follow the same positive linear gradient as the population growth in Figure 13. 
The actual consumption values also follow a pattern of increasing water demand though with 
greater variability (see Figure 15 and Figure 16).  
Firstly, there is very little historical data regarding consumption, so it is not possible to see 
exactly how consumption has changed since the reservoir first started acting as the city‟s 
leading water supplier. The available data shows domestic consumption patterns between 
1978 and 1982, and 1998 and 2008. Despite being an unfortunately short time series, it is still 
possible to discern a positive trend in the results.  There are clear fluctuations in the levels of 
consumption. This can be seen clearly by the distinct drop in consumption from 8.33 Mm
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6.68 Mm
3
 between 2004 and 2005. However, by 2007 the values return to what they were 
prior to the sudden 1.66 Mm
3
 decrease in consumption. The actual consumption from 1978 is 
the year that corresponds best with the estimated values but apart from that actual recorded 
consumption is greater than consumption estimated from minimum requirements. Figure 16 
shows a similar pattern but of how the average daily consumption for each year has changed 
over time. Similar to Figure 15, it shows that actual consumption is greater than the 
recommended minimum and, by year 1998, the daily consumption is almost double the 
minimum recommendation. A regression analysis with a confidence interval of 95% was 
performed on the daily consumption data (Figure 16) which showed that there was no 
statistically significant change in the domestic consumption of water in Gaborone between 
1998 and 2008. 
 
Figure 13 The change in Gaborone‟s population since independence in 1966 (CSO (b) 2014) 
 
Figure 14 The proportions in which the 50litre/day water minimum is used (Gleick 1996). 
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Figure 15 Changing patterns of water consumption in Gaborone (CSO (a) 2009).  
 
 
Figure 16 Change in daily consumption per person (CSO (a) 2009). 
7. Discussion 
The following discussion is divided into subsections whereby discussion regarding the results 
of the study will be interpreted separately, as well as a discussion regarding the future of 
water supply to Gaborone and lastly the sources of error and possible methods for improving 
the report.  
7.1 Catchment Area 
The purpose of mapping the catchment area of the dams is to see, in spatial terms, the area of 
land where precipitation can fall that will eventually accumulate in the same point at a lower 
elevation. A larger surface area means that it is possible to accumulate more water, but when 
additional dams are built within an existing catchment area it decreases the affectivity of the 
catchment as water must first fill the upstream reservoirs before being able to continue. 
According to a study by Meigh (1995), approximately 25% of Gaborone‟s catchment area is 
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cut off as a result of 203 smaller upstream dams and reservoirs. The report did not provide the 
location of these dams, so it was not possible to find out whether they were still in place or if 
more had been constructed, and the sizes of their catchment areas. When performing the 
spatial analysis, only the Mogobane Dam and the Ngotwane Dam were discernable, reducing 
the catchment by 21.46%. The Ngotwane Dam was completed in 1982, so one can say that its 
construction has led to a reduction of the catchment area (Siderius 1971). It is unclear when 
the Mogobane Dam was completed as there are no published dates available. If it was 
completed after the construction of the Gaborone Dam, then it too is restricting the size of the 
catchment area. However, if the Mogobane Dam was constructed before the Gaborone Dam 
was completed; it means that the Mogobane catchment area was never actually a part of the 
Gaborone catchment area. Without additional data regarding additional dams within the 
catchment area, it is not possible to say how great an impact the supposedly remaining 201 
dams account for. 
The foremost purpose of the Mogobane and Ngotwane dams is for irrigation (Siderius 1971). 
Many of these smaller dams are built by subsistence farmers in order to water their livestock, 
and in some cases for small scale irrigation. Despite this additional consumption, it is 
believed that evaporation from the additional reservoirs throughout the catchment area causes 
greater water loss (Meigh 1995). In fact, fewer larger reservoirs are said to cause less water 
loss in comparison to many smaller reservoirs of the same capacity, as they tend to have a 
smaller surface area in relation to their capacity, which reduces evaporation losses (Acreman 
et al. 2009). 
7.2 Climate 
The latest IPCC report predicts many probable changes that are likely to have an impact on 
the climate of southern Africa, including Botswana. However, the results in this study show 
no statistical significance for the majority of the climate data, so no solid conclusions can be 
drawn. 
The results from Figure 7 and 8 are not statistically significant and cannot aid in predicting 
whether or not the next year will be a flooding year or a drought year. There is high 
variability in the measurements with the regression analysis only accounting for 
approximately 10% of the variance for Figure 7. A clear example of this would be a 
comparison between the year 2000 and 2001 where the former only received 114.7 mm of 
rainfall but the following year precipitation levels exceeded 900 mm.  
The TAMSAT results (Figure 9) shows no clear visual trends regarding precipitation 
intensity (mm/ 10 days) and distribution during the 30 year time scale that the data was 
available for. Though intensity has been decreasing since 2008, this does not suggest that this 
pattern will continue into the upcoming rainy season and there is always a chance that the 
rains will return. There are predictions by the IPCC suggesting that rainfall will occur later 
into the wet season and rainfall will become more intense as the season comes to an end 
(Christensen et al. 2013). It can be said with confidence that soil moisture will decrease in the 
years to come (Collins et al. 2013). Research shows that the moisture gradient of the soil has 
the ability to prompt convective systems, so if a decrease in soil moisture is inevitable, this 
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will have negative consequences for local rainfall for both quantity and distribution 
(Christensen et al. 2013). A decrease in the total rainfall, essentially reducing the total inputs 
into the water balance, will cause a decrease in the total runoff. Similarly, if the intensity of 
the rainstorms decrease, meaning that the same amount of rain falls over a longer time period, 
then it is more likely that rain will infiltrate to the groundwater as opposed to accumulating as 
surface water.  
The results in Table 2 show that potential evapotranspiration will increase if temperatures 
continue to rise as is possible according to the statistical analysis performed on Figure 10.The 
IPCC project that there will be a decrease in evaporation in the years to come as there will be 
less water available to evaporate (Kirtman et al. 2013). Figure 12 shows that 
evapotranspiration levels do vary throughout the average year, with lower levels during the 
dry season and increased evaporation during the rainy season. The shape of the graph mimics 
that of radiation levels, temperature and precipitation for the average year, with lowest values 
being recorded during the austral winter and highest values vice versa. Reasons for this 
similarity could be due to the fact that the FAO evapotranspiration is strongly based on 
temperature data as well as changes in radiation. The monthly evaporation values are not 
necessarily representative for every day of each respective month. When rainfall occurs, it is 
often in intense, sporadic storms lasting up to four days whilst the remainder of the month 
receives little to no rainfall. Evaporation is only possible when there is water available to 
evaporate. If there is little surface water in the region then evaporation rates may be lower 
than what is suggested in Figure 12.  Since all the evaporation values exceed the rainfall 
values it emphasises the need for higher resolution data as the figure suggests that all 
resultant precipitation would be evaporated creating no runoff.  
The average percentage change in evaporation will increase with every increase in degree 
Celsius according to Table 2. This outcome seems viable considering that a system requires 
energy for evaporation to occur, and increasing the average temperature acts as the increase 
in the energy input. This does not mean to say that temperature is the only factor influencing 
this increase. As data for radiation trends was unavailable, it is not possible to see how 
changes in radiation would affect the evaporation rates. However, this only shows an increase 
in potential evaporation. Actual evaporation is unlikely to increase if there is no water 
available to evaporate. 
7.3 Consumption 
A growing population entails an increase in pressure on water resources, since available 
reservoirs and reserves are forced to provide for more people. As the population of the city 
has increased over the past decades and continues to increase as it is predicted to in the 
future, there will be an increase in water consumption even if people are limited to the 
minimum requirement of 50 litres. Moreover, Figure 15 and Figure 16 only present figures 
for domestic consumption. This means that water used for industry, commerce and the 
development of the small village into a bustling city are not accounted for. In reality, 
domestic consumption represents only one third of the total water usage in Gaborone. The 
remaining 66% is used for government purposes (which includes water for ministry 
buildings) (47%) and for commerce and industry (19%) as suggested by the Central Statistics 
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Office (2009). The pie diagram in Figure 14 shows the proportions of water usage suggested 
by Gleick (1996). These are only estimations, and it is very likely that water in Gaborone is 
used differently, for example the watering of livestock. Water usage in sanitation differs 
depending on whether residents use pit latrines or flush toilets, with flush toilets requiring 
more water than the former (Gleick 1996). 
The results in Figure 15 show a visible difference between the recommended minimum 
consumption and the actual consumption in the city, with actual consumption for the majority 
of the years using an excess of two million m
3
. It is clear that the 50 litre consumption 
minimum suggested by Gleick (Figure 14) does not accurately reflect the consumption habits 
of a rapidly developing country and this is further emphasised in Figure 16 which shows that 
the latest daily consumption values are more than double what is suggested as the minimum. 
Botswana‟s economy has experienced the world‟s highest growth rate since 1965 of roughly 
7.7% between 1965 and 1998 as a result of the prospering diamond industry (Acemoglu et al. 
2002;  Van der Ploeg 2011). This wealth has allowed for improvements regarding 
accessibility to piped water, predominantly in urban areas. Access to piped water has 
increased from 56% in 1981 to 77% in 1991 to 83% in 1999, with remainder of urban 
dwellers having access to a communal standpipe for water provision (Lado 1997;  Goldblatt 
et al. 1999). When accessibility ceases to be a major problem, the likelihood of wasteful 
consumption occurring increases as there is no longer the hassle of having to physically 
transport water from its source to one‟s home. As the nation‟s wealth has increased, so has 
the demand for luxuries such as flush toilets as opposed to the less water intensive pit 
latrines, cars and swimming pools, the latter of which are not accounted for in Gleick‟s 
minimum water requirement model (Figure 14). This means, that daily consumption may 
continue to increase as the city continues to develop. 
7.4 Planning for the Future 
The Government of Botswana has been anticipating water shortages throughout the entire 
country for the last two decades and has thus already commenced management strategies in 
order to provide the countries citizens and industries with plentiful and reliable water sources 
(Department of Environmental Affairs 2006).  
The North-South Carrier Water Project (NSCWP) was proposed in 1992 by the National 
Water Master Plan (Elmi Mohamed 2014). The purpose of the project is to reduce the strain 
placed on the Gaborone Reservoir by obtaining water from other reservoirs and pumping the 
water through a pipeline to Gaborone. The project, divided into Phase I and Phase II, intends 
to construct a pipeline that will pump water from newly constructed reservoirs in eastern 
Botswana near Francistown (Figure 2), southwards to Gaborone and the towns and villages it 
passes along the way (Bevanger 1994). Phase I was completed in 1999 and involved the 
construction of the Letsibogo and Shashe dams on tributaries of the Limpopo River, the 
catchment of which covers parts of Botswana, Mozambique, South Africa and Zimbabwe. 
The importation of water from the Molatedi Dam in South Africa was also part of the first 
phase of NSCWP (van Zyl 2012). Phase II of the NSCWP which has yet to be completed, 
involves the construction of the Dikgatlhong Dam (which was completed in 2011) near the 
Botswana-Zimbabwe border and the necessary pipes needed to connect it to the North-South 
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Carrier (Lindhe et al. 2014). A covered reservoir has been built 15 kilometres outside of 
Gaborone which will allow for water storage whilst reducing surface evaporation (Bevanger 
1994). Not only should the pipeline provide water for Botswana‟s increasing domestic 
demand, the NSCWP is intended to provided water to mines and power stations the pipeline 
passes along the way. Despite this promising outlook, the project is time consuming and there 
are often malfunctions within the pipeline often due to electricity shortages and power 
outages. Reports suggest that 46% of the water that flows in the NSC pipeline is being lost 
through leakages (OECD 2007). Additional construction and structural repairs of the NSC 
pipeline are still taking place in 2015, and it has not yet reached its full potential. 
Gaborone has been noticeably experiencing the consequences of water scarcity over the past 
decade. Periods of water restrictions have been reoccurring but have, as of November 2012, 
been firmly in place and strictly enforced by WUC. This entails regulations against using 
potable water for watering gardens and recreational areas, filling swimming pools and the use 
of hosepipes. As of 2015, WUC has been unable to pump any water from the reservoir, 
making Gaborone completely reliant on external sources such as the NSC pipeline and 
imports from South Africa. However, there are often cases of decreased water pressure and 
on occasion the complete cutting-off of the water supply in certain parts of the city leaving 
people without water for up to days on end. The current water situation suggests that it is 
necessary that the water rationing continue. It will be important to integrate the importance of 
water into the education system so as to teach future generations the importance of 
sustainable water use. 
Regarding development, the economy of Gaborone, and essentially the nation, will be 
impacted by continuing water shortages. Water is not only used for domestic consumption, 
but also in industry, commerce and for government purposes (CSO (a) 2009). The Kgalagadi 
Breweries (Pty) Ltd (KBL) are the leading producers of beer and fizzy drinks in Botswana. 
Based in Gaborone, the water intensive industry is actively trying to reduce their 
consumption of water in the production process, the goal being to reduce water usage by 25% 
between 2008 and 2015 in the production of clear beers (SBHL 2011). It is possible that with 
further years of water restrictions and the unrepaired flaws in the NSC pipeline that it may be 
necessary for KBL amongst other industries to relocate to regions with a more reliable water 
supply. This will be at the cost of Gaborone locals‟ jobs.  
As the results clearly show the spatial extent that the Mogobane and Ngotwane dams cover in 
the Gaborone catchment area, it is vital that further research into the impacts of additional 
dams within catchment areas takes place. This will aid in determining to what magnitude 
additional smaller dams within a catchment area impact the runoff into major reservoirs. The 
Mogobane and Ngotwane are official dams but it is believed that there are indeed additional 
smaller, illegal dams within the Gaborone catchment. If it is shown that these dams strongly 
impact the ability for runoff, then it will be essential that the government and water officials 
increase efforts in limiting the presence of these dams. It is advisable that the existing legal 
dams increase the amount of water released from the dams so that it is allowed to continue 
flowing towards the Gaborone reservoir. 
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Other possible solutions to help decrease water scarcity would be to recycle water, in 
particular that from sewage, and treat it to a level where it is once again suitable for 
consumption. At present a small portion of wastewater is being recycled and used in 
irrigation and as of 2013 no recycled water had been treated for consumption. The 
government of Botswana intends to recycle up to 96% of all waste water by the year 2030 
(Colman 2013). Water saving devices should also be promoted and water awareness should 
be included in school curricula. Lastly, not for Gaborone city but for the nation as a whole, it 
has been proposed that since Botswana has a very large proportion of livestock, farmers 
should be encouraged to invest in goats as opposed to cattle as they are less water intensive 
(Department of Environmental Affairs 2006). 
8. Sources of Error and Suggestions for Improvement 
Though conclusions can still be drawn from the acquired results, additional data would be 
necessary if more concrete conclusions are to be made. Such data would include release of 
water from upstream dams as well as values for how much rainfall is required in order to 
produce runoff. The following sections provide recommendations of ways to amend the 
difficulties encountered throughout the study. 
8.1 Catchment Area 
The flow accumulation algorithm within the ArcMap programme used to compute the 
watershed of the area was of the one directional single flow variety. This means that when the 
model is being run, the contents of a cell would flow into the deepest neighbouring cell. 
Though this method does produce correct results, a multiple directional flow algorithm exists 
that transfers cell contents to neighbouring cells of lower elevations in a weighted manner 
(Schäuble et al. 2008;  Pilesjö and Hasan 2014). This method may improve results as 
Botswana‟s topography is fairly uniform.  
Secondly, the locations of the additional dams within the catchment area were found by 
analysing aerial photographs and satellite images found on Google Earth. Owing to their size, 
the Mogobane Dam and the Ngotwane Dam were able to be identified. Other dams were 
either too small or contained no water making them impossible to discern and as a result they 
were unable to be mapped and they did not have their catchment area accounted for. If 
satellite images from a known wet period were available, it would make dam identification 
easier. Another method, though much more time consuming and expensive would be to 
complete a field study and note each dams location physically using a GPS. It is also possible 
to identify smaller dams using a DEM. This entails analysing sinks either by size or by 
volume as dams will create a sink behind them. 
Finally, the last report to publish the predicted number of smaller dams within the catchment 
area was published by Meigh in 1995. Newspaper articles state that WUC has written a report 
regarding additional dams within the catchment area but that it is not intended on being 
publish for the benefit of the public, so it is uncertain whether this value has changed at all 
over the past 20 years. 
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8.2 Climate 
Firstly, it is not certain how many weather stations or ground measurement points that the 
TAMSAT data is based on. The maximum and minimum values came from the same location 
at the Sir Seretse Khama International Airport, so it is highly possible that the TAMSAT 
measurements are taken from the same place. Though it is not possible to take new ground 
measurements for previous years, it is advised that the DMS continue to take several 
measurements in various locations in Gaborone to give the most accurate results. Due to poor 
resolution of data, a 30 year timespan of 10-daily data being the highest resolution available, 
it was not possible to determine the intensity of the rain showers. If the same volume of rain 
fell in a two hour period or over a span of ten days, the former would generate much greater 
runoff. It is suggested that higher resolution data, daily or preferably hourly readings, be 
taken in order to achieve more accurate runoff estimations as this is not possible with 
monthly data. 
 
In order to calculate evaporation, it was necessary to combine two techniques used by the 
FAO to obtain potential monthly evaporation. Restricted data availability regarding wind 
speed and vapour pressure as well as only having access to monthly maximum and minimum 
temperatures meant that daily evaporation was unable to be calculated. With daily 
evaporation it would have been possible to determine how much rain water is available for 
runoff after evaporation has occurred. Though we are able to conclude that evaporation will 
increase, it is still uncertain how big of a roll this factor plays in the drying of the Gaborone 
reservoir.  
8.3 Consumption 
The only problem encountered regarding the investigation of the consumption trends was the 
inconsistency in terms of their distribution along the time scale. There were no public 
databases where the data could be downloaded, so all the analysed data was acquired through 
examining census reports or similar government documents. Population census‟ are decadal, 
and it was troublesome finding trustworthy data sources for the year‟s in-between. When data 
was found for these years, it was often concerning the entire countries population as opposed 
to Gaborone‟s. Similar problems were faced when trying to obtain consumption data 
9. Conclusions 
Due to data limitations, no statistically concrete results can be drawn from this report. The 
catchment area, climate and consumption all impact how much water is able to be 
accumulated in the Gaborone Reservoir; yet poor data resolution makes it impossible to rank 
the factors in order of impact intensity. The only statistically significant results were those for 
temperature increase since 1901. However, when focussing on the last ten years, there is no 
statistically significant change in temperature, rainfall or consumption. As the Ngotwane 
Dam was completed 20 years after the Gaborone Dam, it is certain that its presence restricts 
the Gaborone catchment by 12.1%. As the year of completion for the Mogobane Dam is 
uncertain, it is still unclear as to whether it too is restricting the Gaborone catchment, or 
whether it was present before the Gaborone Dam was completed. 
23 
 
Though it is not possible to control when, where or even if precipitation will fall, it is 
possible to ensure that authorities take a stand in removing any unauthorised dams within the 
catchment area. The impacts of consumption can also be reduced by providing access to 
alternative water supplies such as the NSC pipeline and by promoting water awareness and 
water saving devices. Evaporation is less likely to cause as great an impact, as lack of water 
impedes the evaporation process, though if there is an increase in rainfall, it is possible that 
actual evaporation will show similarities towards the potential evaporation values.  
The decision to select Gaborone as the capital of Botswana may not have been the wisest 
decision from a water perspective as the Notwane River was already known to be unreliable 
during drier periods. If rainfall, evaporation and consumption are to continue following their 
current trends, then it is essential that experts from a spectrum of disciplines ranging from 
technology and engineering to politics and policy, work in symbiosis. Phase II of the NSCWP 
must keep to its original timeframe and the current faults must be fixed as soon as possible to 
allow people and companies in Gaborone to continue to prosper. Education is necessary for 
promoting water conservation throughout the city and good communication between water 
authorities and consumers is important in order to keep everyone informed of what is going 
on. As we say in Botswana, PULA! Let there be rain.  
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11.  Appendix 1 
The following appendix shows the process followed when evapotranspiration was calculated. 
It is a combination of the methods suggested by the FAO for monthly evapotranspiration and 
evapotranspiration with few climate data.  
11.1 FAO evapotranspiration  
Parameters  
Average monthly minimum (1985-2010)= degrees 
Average monthly maximum (1985-2010)= degrees 
Tmean=(13.2+28.4)/2 = degrees 
Altitude= 1000m 
P= Atmospheric Pressure=  90kPa 
∆= slope vapour pressure curve [kPa °C-1]= kPa °C-1 
 =Psychometric constant (g) for different altitudes (z)= 0.06 kPa/degree C 
U2= wind speed= 2m/s   
(1+0.34u2) = (1+0.34(2)) = 
 
1.68 
∆/*∆+ (1+0.34u2)] =  
/*∆+ (1+0.34u2)] =  
900/( Tmean+273) U2 =  
 
Vapour pressure deficit/ Estimation of humidity data 
Assume Tdew≈ Tmin degrees 
ea= kPa 
e⁰(Tmin)= Saturation vapour pressure kPa 
e⁰(Tmax)=  kPa 
es= (e⁰(Tmax) + e⁰(Tmin))/2 = kPa 
Vapour pressure deficit (es- ea)= kPa 
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Radiation 
Rs= solar radiation 
= 0.16 sqr (Tmax - Tmin) Ra =  
 
 
Average Ra according to table 2.6 MJ m
-2 day-1 
Rs= 0.624(33.40) MJ m
-2 day-1 
RSO=clear sky conditions  
=[0.75+2(elevation/100000)] Ra 
 
MJ m-2 day-1 
Rs/ RSO=   
Rns= 0.77(Rs )  MJ m
-2 day-1 
 
From table 2.8 
         
 
MJ m-2 day-1 
From table 2.8 
         
 
MJ m-2 day-1 
(                 )/2 = (40.60 +32.88)/2 MJ m
-2 day-1 
Then: (0.34-0.14 sqr ea)  
For: Rs/ RSO=  
Then: (1.35 Rs/ RSO-0.35) =[1.35(0.81)-0.35]=  
Rnl= 36.74(0.167) 0.7435 MJ m
-2 day-1 
Rn= Rns- Rnl= 16.04-4.56= MJ m
-2 day-1 
Assume G = soil heat flux density = 0 MJ m-2 day-1 
Rn-G = (11.48-0)= MJ m
-2 day-1 
0.408(Rn-G)= 0.408(11.48) mm/day 
 
Grass reference evapotranspiration 
0.408(Rn-G) ∆/*∆+ (1+0.34u2)] 
=0.408(11.48)( 0.603) 
 
mm/day 
900/(T+273)u2(es- ea) /*∆+ (1+0.34u2)]  
=900/(20.8+273)(2)(1.17)(0.236) = 
 
mm/day 
ETO=(2.82+1.69)= mm/day 
Evaporation per year= mm/year 
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